In this work, four Mg-Zn-Ce sheets were processed on an industrial scale by "Helholtz-ZentrumGreesthacht" company. To study the effect of alloying elements and annealing conditions on the rolled sheets, these sheets were annealed at different conditions. Mechanical properties of these rolled and annealed sheets were determined in rolling and transverse directions. Optical microscopy was used to investigate microstructure evolution and stability as well as grain size after annealing. Annealing at 450°C, 1 hr for A and D sheets provides microstructure stability of these sheets. Whereas, annealing B and C sheets for one hour at 400 and 350°C, respectively, provide the optimum annealing conditions. In the studied alloys, the highest zinc (Zn) presence alloyed with magnesium significantly increases the grain size and the amount of precipitates. Whereas, the highest cerium (Ce) presence alloyed with magnesium, refines the grain size during the recrystallization process.
Introduction
There is increasing interest in utilization of magnesium alloys in automotiveapplications due to their low density, superior specific tensile strength andrigidity compared to steel and aluminium alloys. Majority of the magnesium parts in thepresent vehicles are from die castings, mainly underbody structures and casings. On theother hand, there are several other body and structural parts (sheet metal-based) thatcan be potentially fabricated using magnesium alloys to attain higher levels oflightweighting, fuel savings and emission reductions [1] [2] [3] .However, it is well recognized that the formability of wrought magnesium alloys at roomtemperature is inferior to these competitors. The poor formability of magnesium is dueto their hexagonal close packed crystal structure and the lack of sufficient active slipsystems at room temperature [3] . There are severalattempts to improveformability of magnesiumalloys in whichalloyingelementswasfound to bea key factor . Amongthem, RE elements, manganese, yuttirum and strontium additions improveformability of wroughtmagnesiumalloysthrough grain size refinement, activation of non-basal slip and/or weakening the texture [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Indeed, many previous studies showthe good effect of the alloying to increase the plastic deformation, and more preciselythe formability. In the present study, the thermo-mechanical processing of magnesium-alloy sheet wasexperimentally investigated with the aim of refining and decreasing grain size and alsoimproving the mechanical behaviour, and therefore the magnesium formability.The influence of thermo-mechanical processing will be studied through thecharacterization of the microstructure and the mechanical behavior of four differentmagnesium alloys with different zinc (Zn) and cerium (Ce) additions.
Experiment
Four Mg-Zn-Cealloys were processed on an industrial scale by Helmholtz ZentrumGeesthacht-Germany. Chemical compositions of the studied alloys are listed in Table 1 . Samples were cut from rolled sheets and annealedin two parts; at 450°Cfor four different annealing times (15 min., 30 min., one hour and four hours). Whereas, the other partannealed for one hour at different temperatures (350, 400 and 450°C).All specimens were annealed under argon atmosphere and cooling done by furnace shutdown. The rolled and annealed sheets were machined into ASTM E8M-09 tensile samples with a 3 mm thickness, 6mm gauge width and 19 mm gauge length using Electrical Discharge Machining (EDM). The tensile test was conducted using and Instron 4206 universal testing machine. Metallographic examinations were conducted on hot rolled and annealed condition. To reveal the grains, the specimens were etched with 10 ml of distilled water, 70 ml of ethanol, 4.5 g of picric acid and 10 ml acetic acid.
Table 1: Chemical compositions of the studied alloys
Digital image correlation (DIC) technique is implemented in the current work to provide a contour map of strains of an entire specimen surface subjected to tensile test. To enable the DIC measurement, randomspeckle patterns were sprayed on the object surface; first with white acrylic spray paintand then with black spray paint. In this research, two-dimensional (2D) digital image correlation (DIC) was utilizedto measure inplane deformation and displacement fields of plastically deformingmagnesium sheet. A tensile test machine (MTS Instron 100KN) with anextensometer attached to the tensilespecimen was used for measuring engineering strain-stress curve. The tensile test setup is represented in Figure 1 . The DIC system equipped with a high resolution charge-coupled device (CCD) camera as shown in Figure 1 . Moreover, a powerful white LED light source was employed to illuminate thetensile specimen and eliminate interruptions fromsurrounding light. Thecontroller data was acquired and evaluated using the "ARAMISAnalysis" software version 6. During the measurement process, 1 image per second was takenduring the tensile test until the specimen necking and then the DICsystem applied the correlation algorithm to quantitatively evaluatethe data of contour, deformation and strain. Twoto three hundred images were created during the tensile test until the specimen breaks. The facet size used for thestrain calculation was 30x10 pixels. Within the Aramis software, parallel and perpendicular to tensile axis,an area of longitudinal ε l and width ε w true strain data canbe obtained, respectively.The extensometer strain (engineering strain in percent) and the load values (in Newton)were obtained from MTS software.
Results and discussions
Microstructure analysis. Microstructure images of A and B rolled alloys are shown in Figure 2 . Twins, shear bands and grains that are partially elongated along rolling direction are shown in Figure 2 . Optical microscopy images of the studied alloys after annealing are summarized in Figures3 and 4. Partially recrystallized microstructures with twins and shear bands ( Figure 5 ) are observed in annealed A and D alloys at 350°C for 1 hour but not in the other two alloys. Thus, the zinc addition helps in recrystallization process during annealing at low temperature. Moreover, the high zinc presence alloys, B (Mg-2Zn-1Ce) and C (Mg-4Zn-1Ce) alloys contain varying amount of precipitates. The zinc additions increase the number of particles during the annealing process. Homogeneous microstructure was observed after annealing at 350 and 400°C at 1h for C and B, respectively. In the case of A and D alloys, an inhomogeneous microstructure with a few largegrains was observed after annealing at 450°C for 4hour, which means abnormal graingrowth occurred under this condition. Homogeneous microstructure of A and D alloys was observed after annealing at 450°C for 1hour.
Alloy Name
Chemical composition (wt.%) Grain sizes of the annealed alloys at 450°C at different times are shown in Table 2 . Grain sizes of A and D alloys are smaller than that of B and C alloys. For example, grain size of annealed A and D alloys at 450°C for one hour in rolling direction is 26.97 and 36.83, respectively, compared to that of B and C is 51.02 and 51.65, respectively. Thus, alloying Mg-Ce with zinc has an influence on grain refinement. Therefore, enhance the zinc alloying amount leads to an augmentation of grain size during the recrystallization process.Moreover, A and D alloys have similar zinc amount with different cerium and, therefore, different grain sizes. Thus, the cerium addition refines the grain size during the annealing process. Table 3 shows the average grain size of the studied alloys annealed at 400 and 450°C for one and two hours. As can be seen in Table 3 , the average grain sizes increase withannealing temperature. It is worth mentioning that during annealing of the studied alloys at 450°C, 12min. and 60min.relatively show the smallest grain size along the RD and ND. Figures 6 and 7 , respectively. The four alloys exhibits a yield anisotropy similar to conventional magnesium alloys. As the UTS, the highest yield strength is measured on the B and C, where the zinc presence is the highest. Because of this zinc presence, the fracture strain is lower in C alloy. The strain-hardening behaviour is quite similar on the four different alloys.
Comparison between A and D alloys (same zinc, different cerium content) shows the effect of cerium on the mechanical behaviour of the specimen.With lowest cerium content, the tensile specimen shows lowest yield strength buthighest fracture strain and uniform elongation. The UTS is the same between these twoalloys, so the cerium doesn't affect the UTS values.
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Mechanical Science and Engineering IV Because twin activation is stress-state dependent, Mg alloys also exhibitsignificant plastic anisotropy resulting in asymmetry between tension yield stress, andplastic strain ratio. The influence of the inhomogeneous deformation on mechanicalproprieties is revealed from a measurement of the plastic strain ratio called "r-value",experimentally obtained from the DIC measurement. The r-value is defined as
The R-values of the four alloys at global true strain of 0.12 in the two directions (RD &TD) are shown in table 4. These measurements are respectively basedon the in-plane two dimensional strain measured by DIC.As you see in table 4 , the r-value is lowest along the TD and increasestoward RD. The r-value is higher for alloy with high zinc content, the C alloy exhibithigh anisotropy r>1. Whereas, other alloys show nearlyisotropic fashion (r ~1) and TD specimens exhibit low anisotropy (r ~ 0.8).According to the formula above, if the r-value is equal to 1, the thickness and widthinvolve in the same way, more precisely the width and thickness of the specimen sizesreduce proportionally during the tensile test. That means the ductility of A, B and D alloys is better than the C alloy. Figure 9 shows the SEM micrographs of room temperature tensile fracture ofthe four Mg-alloys. This figure indicates that fracture behavior changes withthe alloy composition. It can also observe that C alloy did not show delamination trace. Moreover, the B alloy shows less profound delaminationthan A and D alloys. So, the high zinc presence seems to cancel thedelamination effect.As a result, ultimate tensile strength and yield strength of B and C alloysare much higher than others alloys. As the Zn content reaches 2wt.%, the amount oftear ridges increase significantly and the toughness is also improved.
Conclusions
Four magnesium-zinc-cerium alloys were rolled on an industrial scale by Helmholtz ZentrumGeesthacht-Germany. These alloys were annealed at different temperatures and times. DIC, tensile test, optical and scanning electron microscopies were implemented to investigate mechanical and microstructural behavior of Mg-Zn-Ce alloys annealed under different temperatures and times. Besides, the effect of alloying elements on mechanical properties was investigated. The highest zinc (Zn) presence alloyed with magnesium significantly increases the grain size and the amount of precipitates. It also increases the yield strength as well as the ultimate tensile stress but decreases the elongation to failure and increases the r-value. The highest cerium (Ce), presence alloyed with magnesium, refines the grain size during the recrystallization process. Whereas, when the cerium presence is lowest, theelongation to failure value is significantly high.
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